At first a common thread was not obvious to me through my work. Because my undergraduate degree is in civil engineering, I have only had a little over a year to realize my style, which is still developing. Without a strong sense of my own style, the natural place to for me to begin the design process is through an investigation of materials and how they can be manipulated.
Due to my limited fabrication experience and strong experience with using Computer Aided Design (CAD) software, I was drawn to Computer Numerically Controlled (CNC) technologies. CNC technologies allow a user to draw lines in a software such as AutoCAD, and then give those drawings to a cutting tool such as a laser cutter or router. The tool will then use the drawing to cut the pieces. CNC cutting is used heavily in mass production and manufacturing industries because it is faster, cheaper, and more precise than production by hand.
Due to the speed and precision of CNC cutting, I was interested in using it to bend plywood. I first attempted to apply this method to a chair project in Spring 2016 for Furniture Design I. My chair is an exploration of using Computer Numerically Controlled (CNC) routing to create cuts that allow plywood to bend into curves. The development process became long and tedious, and left me with a somewhat disappointing result. However, despite not having a fulfilling final product, I had a unique and versatile method of bending plywood that I could apply to other projects. Aside from the ergonomics of the chair, the other design requirements of packing flat and utilizing CNC technologies had practical applications beyond the scope of the assignment. A chair that can be disassembled and packed flat is ideal for shipping and traveling because of the potential space savings. Students in the class who were successful in finishing their chair would be invited to travel to Manhattan, New York City for the International Contemporary Furniture Fair (ICFF), and it was necessary that we save as much space as possible. Utilizing CNC technologies had educational benefits, but would also make it more feasible for our chairs to be mass-produced if a furniture company at ICFF wanted to license our chair and sell it across the country.
Initial Research
I knew that I wanted to create curves in my chair. I also planned to use plywood, at least initially because I had the most experience with that material. Previous work in plywood with organic shapes from other designers often used a layering approach, in which several layers of plywood were CNC routed and assembled to create curved forms.
Although layering plywood is valid way to create organic forms, I wanted to avoid it for three main reasons. First, layering plywood uses a lot of material. A chair using large amounts of plywood would be very heavy, and the amount of material required would also make it very expensive. Second, layering plywood in this manner does not save a significant amount of space when the chair is disassembled, which can defeat the purpose of designing a chair that can be packed flat for travel. Finally, because the layering method had already been used by previous students, I wanted to investigate other ways to create curves.
With a very vague idea in mind I began researching methods of bending plywood. The method needed to fulfill two requirements. First, the method must utilize the CNC technology available at school so that I could test and execute it. Second, the method needed to create curves that were not rigid, that is, I needed to be able to bend and unbend the wood so that it could pack relatively flat.
My largest source of inspiration came from the documentation of a pavilion designed by architecture students at the Massachusetts Institute of Technology (MIT). The students researched kerfing using CNC routing. The most interesting aspect of their research was the radial pattern of the cuts that would form a conical shape when folded (Figure 4) . Previously I had only seen kerfing done with parallel cuts, as it is a technique most commonly done on a table saw. A jig can be set up on a table saw to make many parallel cuts quickly, however it is much 5 more difficult to make a jig that does radial cuts. CNC routing could allow a wide variety of cut patterns to be executed quickly in comparison to the table saw and could also be a suitable method for mass production. 
Initial Sketches
Based upon the research from the KERF Pavilion documentation, I felt that I had a possible method for bending plywood and began making sketches for chairs ( Figure 5 and Figure   6 ). My preferred sketches were of a chair with a flat back that curved around the sides. Looking back, I realize now that I did not entirely understand the shape that a radial kerf pattern would create. I realize now that it creates a cone shape, and would not create the bend and cut patterns I had envisioned in my models and sketches. I imagined that the radial kerf pattern would serve as a design element as well as allowing the wood to wrap around the person seated. The legs were not fully developed at this stage, but I wanted to make them as subtle and unobtrusive as possible since the focus of the chair would be the back. The paper model helped me visualize the chair in three dimensions, and also showed me where my most difficult connections would be ( Figure 6 ).
The most difficult connection in the paper model was the joint between the seat and the seat back. I did not entirely understand the difficulty of this connection at the time, especially without using glue or hardware. To progress, I needed to make larger models out of material more rigid than paper and test kerfing on the CNC router. The models would help target and solve structural problems, while the kerf tests would help me find the optimum depth and distance of cuts for bending. The kerf technique on the CNC router was going to be difficult to scale down to a quarter-sized model, so I used an alternate method on the laser cutter.
To make the file for laser cutting, I made a rough 3D version of the chair back from the most recent model in Rhinoceros (Rhino), a 3D modeling software (Figure 8 ). Looking back, the shape that I modeled is not the same that I had for the most recent version of the. The sides of the model in Rhino are much flatter in the 3d model, and I did not include the small gap between the back of the seat and the bottom of the seat back at this stage. I was more concerned about the mechanics of bending than I was about getting the form precise at that point in the process. Next, I flattened the 3D shape into a flat surface and extracted the necessary outlines ( Figure 11, Figure 12 ). The model I constructed had serious design issues, but alerted me to proportional and structural problems I would have to solve (Figure 13, Figure 14 , and Figure 15 ). The proportions of the model were completely wrong, most notably that the legs were much too long. The legs 11 were supposed to stop at the top of the beam in front, but I made a mistake in my Rhino file.
Correcting the height of model showed me that the back would be much wider than a standard dining chair, especially if the seat was going to be wide enough to be comfortable. Structurally, beyond bending the wood, my biggest challenge was going to be figuring out how to connect the seat back to the frame of the chair. This connection had already been an issue, and would continue to be a major problem throughout the rest of the development of my chair. Beyond the structural issues, I needed to run CNC kerf tests to find the optimum cut depth and spacing to bend plywood. The Kerf Pavilion documentation lacked detail about the size of the tooling used, the spacing between cuts, and the depth of the cuts, so I needed to do my own testing. I drew a file in AutoCAD with cut spacing ranging between 1/2" and 7/8" ( Figure   16 ). When the 1/4" diameter of the router bit was taken into account, the cut space would correspond to spacing between 1/4" and 5/8". I set the cut depth so that there was 1/16" of material left. The kerf tests were disappointing (Figure 17 ). Only the sample with 1/2" spacing would bend an appreciable amount. In hindsight, I realize that I was not cutting deep enough into the material, and that I needed to try a 1/8" router bit. However, what ultimately made me discontinue kerf for the time being was that the bend was not reversible. That is, once the surface was bent, unbending the surface would weaken and eventually break the material. The chair would need the ability to withstand being assembled and disassembled several times, so I ultimately decided against trying to kerf with the CNC router until I had more time to research and test my materials. The tests using relief cuts all the way through the material were much more successful than the kerf tests. Most samples would bend, and I found the minimum distance between cuts that would not result in the material breaking. The samples with cuts spaced 1" apart did not bend significantly. All of the 1/2" samples would bend at varying radii depending on how many 
Full-Size testing
At this stage, it was essential for me to begin testing the radial cut pattern on a full-size model of my chair back. Although I had not completely solved the problem of how to join the bottom structure of the chair with the curved back, I would continue to explore solutions to that problem at full scale.
Developing the CNC file for the chair back was very tedious. Translating the pattern I had used for the small tests was difficult to scale up and translate into a radial pattern. For the full-size back, I used roughly the same shape as I had for the smaller laser cut version. Because the radial cuts would be the same on both sides of the chair, I started with a shape that only represents the back and one curved side of the chair back (Figure 23 ). The next step was to add the relief cuts that would allow the material to bend into a cone.
The essential aspect of this was finding the angle between lines that would give the correct minimum spacing. The minimum spacing I used for my chair was 1/2" between cut lines, to give a 1/4" spacing once the diameter of the router bit (1/4") was factored in.
Because I was working radially, I needed to find an angle of rotation that corresponded to a 1/2" spacing. To find this angle I used the following relationship:
Where C is the circumference of the circle, 360° is the number of degrees in a full circle, A is the arc length, and x is the angle of rotation corresponding to the arc length. To find the circumference, I completed the arc corresponding to the top of the lamp into a full circle and used the measurement tools in Rhino to measure its circumference (Figure 40 ). I set the arc length, A, to be 1/2", and solved for x in degrees, using the circumference of the circle corresponding to the radius of the inside arm of the chair back. The router leaves tabs in the material, so that the shapes cut do not fall out during the cut process. The next step was to manually remove these tabs using a hand router (Figure 30 ).
Removing the tabs was very tedious. I was happy to find that my chair back was very flexible, and would bend once it was cut completely out of the board. However, because the wood had become so flexible, it was necessary to stabilize the pieces with several clamps which needed to be moved around frequently. The process of cutting the chair back from the board took over an hour.
The first model of the chair back was very flexible, however it broke during the process of cutting it out of the board and from minimum handling. The back had not seemed to break in any obvious pattern, and closer inspection showed that the breaks were where there had been voids in the plywood I had purchased. The plywood from Menards is not the highest quality. To fix this, I purchased plywood with more layers of veneer, which would decrease the likelihood of void spaces in the plywood.
I re-cut the chair back, along with a potential frame for the chair, using the same process.
Unfortunately, the chair back still broke. However, it only broke in one place: where there had been a void space. As long as I bought high-grade material for the final prototype, with little or no void spaces, I was fairly certain the chair back would not break.
Because the chair back was the focus of the chair, I needed to develop a frame and seat that would be stable, yet not distracting. I was still struggling with how to connect the chair back to the rest of the frame without glue or excessive hardware. The frame I developed used two main side pieces for the front and back legs, that were tall enough to support the curved back piece. The side pieces connected with a wooden piece with tabs to fit into the voids on the chair back ( Figure 31 ). The tabs were meant to hold the curved back piece up so that it would not flop down. The seat was made up of two layers (Figure 32 ). The first layer was a flat piece with tabs that fit into the leg pieces. The second piece had 1/4" pocket cuts along both sides. The pocket cuts were meant to create a gap that would sandwich the curved back into the seat. 1/4" pocket cuts would also be included on the ends of the chair back piece to allow the chair back to fit into the seat. Once the frame was cut, and the chair back was recut, the overall structure was fairly stable, but still needed adjustments. The two leg pieces need a beam connecting them to prevent them from rocking and splaying apart. In addition, the teeth connectors at the top were mostly working to hold the chair up, but the curvature needed to be increased to follow the form of the chair back.
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Although I was not entirely happy with the outcome, I still showed my piece at ICFF 2016 in New York City (Figure 33 ). My chair still had aesthetic and structural issues that I was not certain how to solve.
Because of the transition to the new building and ventilation problems with the dust-collection system, the CNC router and the CNC laser were offline for the entire Fall 2016 semester. Due to these issues, I was not able to continue developing my chair or other projects using CNC technologies for that semester. Although outsourcing my work was an option, it was cost prohibitive. Outsourcing my chair back cost over $200, and I could not afford to spend that much on multiple prototypes.
Additional Research: A Side Step into traditional wood bending techniques
With the CNC router offline for the foreseeable future, I used the time to explore other methods of bending wood, which lead to a potential research project. Very fortunately, a class called Twist and Route was offered by Hannah Givler in the fall semester of 2016. Twist and Route was a class all about wood bending techniques. It was originally planned to have CNC techniques included, but those were omitted for the semester due to the CNC router not being available.
We studied a variety of methods to bend wood, however, I gravitated towards hot-pipe bending the most. To bend wood this way, strips of wood are cut 1/16" to 3/16" thick and soaked in water for about 10 minutes. These pieces can then be bent around a hot metal cylinder to make organic shapes (Figure 34 ). Correia, I began developing a lamp with a conical wooden shade that used the same radial cutting pattern as my chair back. The goals for my lamps were that they could pack flat, require minimum hardware, and be able to assemble and disassemble easily without weakening the structure. I planned to use CNC routing as my final process, but had not decided on a material thickness at that time.
My development process started by making paper models at full scale to get a sense of size and proportion. I planned to develop a set in varied sizes that could be hung together or individually. The sizes I modeled represented shapes that could fit on a 4' x 4' piece of material, as that is the maximum size that can fit on the laser at school (Figure 37 ). The largest model represents the largest lamp that could fit on a 4' x 4' sheet of material. First, I modeled a truncated cone using the Rhino modeling software (Figure 38 ). The dimensions chosen were close to the dimensions of the paper models, with minor proportional adjustments. The blue line at 7" on the cone is where the top piece holding the shade and lightbulb will be. It is offset from the top by 1.5" to hide the top of the lightbulb fixture. The next step was to add the relief cuts that would allow the material to bend into a cone.
The essential aspect of this was finding the angle between lines that would give the correct minimum spacing. The minimum spacing I used for my chair was 1/2" between cut lines, to give a 1/4" spacing once the diameter of the router bit (1/4") was factored in. Because I was using a thinner material for the lamp prototype, I made the spacing between cut lines larger since the thinner material would be more flexible and prone to breaking at small widths. For the lamp, I spaced lines 5/8" inches apart, to give a 3/8" spacing once the 1/4" gap was factored in.
Because I was working radially, I needed to find an angle of rotation that corresponded to a 5/8" spacing. To find this angle I used the following relationship:
Where C is the circumference of the circle, 360° is the number of degrees in a full circle, A is the arc length, and x is the angle of rotation corresponding to the arc length. To find the circumference, I completed the arc corresponding to the top of the lamp into a full circle and used the measurement tools in Rhino to measure its circumference (Figure 40 ). I set the arc length, A, to be 5/8", and solved for x in degrees. In this case, the circumference of the circle was 76.555" which corresponded to an angle of about 2.4°. The top piece was developed using the circumference of the initial cone at a height of 7.5" (Figure 43, 44 ). There are 20 hooks that fit into the 20 holes on the lamp shade. The goal of the model was to see if the lamp would still bend and stay attached to the shade using a rigid material. The model would also help me develop the best way to connect the two ends of the shade together. The top piece with teeth was nearly enough to keep the ends of the shade in place, however the ends splayed out, interrupting the cone shape. I would need to find a way to connect the shade to the top piece to minimize the splaying yet not interrupt the shape. Hardboard is not an ideal material for the lamp prototypes, but it is very inexpensive and comes in sizes that are easy to transport. The hardboard is not ideal because it is not as strong as plywood. In the chair back prototypes, the plywood could withstand bending because plywood is made of several layers of wood veneer, with the layers glued such that the grain is running in alternating directions. Wood is typically weak to forces that stress it in the direction of the grain, so layering veneers in alternating grain directions gives plywood its strength. Hardboard is made from compressed material, and has no grain to give it strength in any direction. Because of this, I
was expecting the hardboard to break when it was bent. The hardboard's strength was sufficient for modeling in this case. However, my final material would be 1/8" birch plywood, due to its strength and flexibility.
After some experimentation, I found a way to connect the ends of the shade to the top piece that did not cause the end pieces to splay out and was hardly visible. The connection occurs at the top, where the shade meets the top piece. One tooth on the top piece is slightly longer than the others, allowing the two ends of the shade to overlap, and leaving only a small line across the top of the shade on one section. I applied this method to a final prototype in 1/8" birch plywood on a small version of my lamp (Figure 47) . The small lamp is approximately 8.5" tall, with a 14" bottom diameter, and 8" top diameter. I made a second larger version corresponding to the maximum size that can fit on a 4' x 4' piece of plywood, which is about 13" tall with a 21" bottom diameter and a 12" top diameter. 
Future Work
I am very excited with my lamps moving forward. Now that I have a mechanism for keeping the lamps closed, without using glue, I will be exploring variations in its design. I will explore variations in scale and the angle of cuts on the shade (Figure 49 ). The largest lamp that can fit on a sheet of 4' x 4' plywood is approximately 13" tall, and the smaller version is approximately 8" tall. I would like to make one more size in between the large and small lamps that is about 10" tall.
Besides scale, I would like to experiment in varying the form of the lamp. Early in the lamp development process, I cut a foam model of the lamp shade in which the relief cuts were angled rather than straight up and down ( Figure 49 ). These cuts make the shade appear to twirl rather than staying static. I hope to apply this method to a model in a rigid material. However, I
suspect the joint I have created for the original version of the lamps will not be strong enough to resist the splaying motion from the two end pieces of the shade. Even though I was unhappy with the outcome of my chair, I now have a relatively simple and unique method of bending plywood using CNC technologies. A chair was not an ideal application of the method, because it makes the wood too flexible and when it bends. This flexibility weakens the material significantly, so that it is not strong enough to hold a person sitting. The lamps do not need to hold a person, and must only resist their own weight when they are hung. I hope to continue to develop this method of bending plywood so that I can apply it to other products and potentially return to my chair in the future.
